Abstract It is now widely accepted that the brain makes important contributions to the dysregulated glucose metabolism, altered feeding behaviors, and the obesity often seen in type 2 diabetes (T2D). Although studies focusing on genetic, cellular, and molecular regulatory elements in pancreas, liver, adipose tissue etc provide a good understanding of how these processes relate to T2D, our knowledge of how brain wiring patterns are organized is much less developed. This article discusses animal studies that illustrate the importance of understanding the network organization of those brain regions most closely implicated in T2D. It will describe the brain networks, as well as the methodologies used to explore them. To illustrate some of the gaps in our knowledge, we will discuss the connectional network of the ventromedial nucleus and its adjacent cell groups in the hypothalamus; structures that are widely recognized as key elements in the brain's ability to control glycemia, feeding, and body weight.
Introduction
For many years type 2 diabetes (T2D) was regarded as a disease where, if the brain played any pathological role at all, it was a minor one. Increasing insulin resistance, failing β-cell function, and hyperglycemia were all considered in terms of peripheral causations. The brain was not thought to be a major player in T2D in part because brain glucose utilization is largely insulin-insensitive and the neural regulation of glycemia was not apparent. But in the past 20 years or so it has become clear that the brain is a major player in the etiology of T2D. This article will address the importance of understanding the neuronal wiring patterns of those parts of the brain now considered critical for controlling metabolic processes. It will also discuss the types of brain architectural information we still need to assemble if we are to achieve a more complete understanding of the brain's role in T2D and its complications.
Type 2 Diabetes and the Brain
During the 1970s a number of observations began to change the perspective of how the brain and T2D might be connected. Prominent among these was emerging evidence for direct interactions of insulin with the brain [1] . Injections of insulin directly into the brain increased arterial insulin and decreased plasma glucose in dogs [2] , and suppressed feeding and body weight in baboons [3] . Around the same time brain insulin receptors were characterized and found to be quite widely expressed in the central nervous system [4] . Twenty years later, Brüning and co-workers provided compelling evidence for a significant contribution from neuronal insulin receptors in regulating body weight [5] . These findings were followed by reports of direct actions of insulin and free fatty acids on neural signaling processes associated with glucose homeostasis [6] [7] [8] , and evidence of inflammation in the hypothalamus of animals with diet-induced obesity and in obese humans [9] ; all indications of the important role of the brain in T2D and its associated conditions [10] . As evidence has continued to mount during the past 10 years, it is clear that in addition to brain function being adversely affected by hyperglycemia and the factors associated with obesity, dysregulation of basic control functions within the brain-particularly those responsible for food intake and glycemic control-contribute to the etiology of T2D [11, 12] .
Much T2D-related research currently focuses on the dysregulation of cellular and molecular processes in pancreatic islets, adipocytes, hepatocytes, etc. Apart from the obvious importance of these target cell types for T2D, this work is driven to a significant degree by the ever-increasing sophistication with which gene product function can be precisely manipulated in specific cell types. This means that potential defects in receptor mechanisms, transporters, signal transduction pathway components, gene regulatory proteins etc in the cell types most closely involved with T2D can be investigated in some detail. This work is beginning to include neurons, and we now know that some of these express metabolic hormone receptors (insulin, ghrelin, leptin, cortisol, etc), while others act as metabosensors for glucose, lactate, amino acids, free fatty acids, etc thereby offering a way for the brain to directly monitor and then orchestrate changes in energy metabolism [13] [14] [15] .
Brain Wiring and Metabolic Function
While cell and molecular biology provides valuable details about the inner workings of neurons, glia cells etc, it provides virtually no insight about how these neural processes actually mediate defective food intake and glycemic control. For example, we cannot understand why manipulating a gene product in a group of neurons leads to obesity or glycemic dysregulation without knowing the projection properties of those neurons. The reason for this is that the vast majority of neurons, by their very nature, neither function in isolation nor exert their actions directly on peripheral target processes. Instead they operate collectively by sculpting the function of large complex neural networks. The outputs of these networks are integrated with other brain processes to drive those motor functions that are dysregulated in T2D, including feeding, sympathoadrenal, and pancreatic hormone release, and liver and adipose tissue function [16, 17•, 18] . So to understand how the brain functions during T2D we need to know in some detail how these brain networks are structurally and functionally organized: basically, how is the brain wired for T2D?
Much in the way that a roadmap significantly improves our chances of figuring out the connectional relationships between different places in a city or country and how we get from point A to point B, a 'brainmap' for those regions involved with T2D dramatically increases our chances of fully understanding the brain's role in the disease. Knowing which places in the brain respond to insulin, glucose, leptin, free fatty acids, etc and how they might be functionally connected is essential. High resolution brainmaps in the general context of metabolic diseases are poorly understood, for the most part because we still lack many of the fundamental pieces needed to construct the broad detailed neural network maps that will enable a better understanding of the brain and T2D. This is not because the connections of many key regions are poorly described. On the contrary, the connections of key cell groups such as the nucleus accumbens [ [26, 27•, 28, 29] are actually rather well-defined. Some of these are illustrated in Fig. 1 ; others are discussed in [17•] . But what is missing is the information that will allow these projections to be assembled into detailed contextual networks that are relevant for T2D.
Many of these findings are only slowly being incorporated into models of T2D-or in fact any metabolic disease-with any degree of sophistication. For example, when considering how the hypothalamus controls metabolic function many studies use structural diagrams and models that either jump directly from the area of interest to a final function ( All of these regions and cell groups have diverse functions and extremely complex connectivity, some of which will be of little consequence for T2D. And so the trajectories of T2D-relevant information into downstream networks that are important for metabolic regulation remain rather poorly defined. There are at least 2 major problems that constrain our ability to improve the resolution of metabolically relevant brainmaps. First, defining the structure of integrative networks requires going further than simply identifying the first-order inputs and outputs of those neurons postulated to be directly involved with T2D pathology. We need to determine how these connections interact with other systems to control metabolic functions. To do this requires higher resolution tools for exploring broader network organization. Second, because virtually all brain regions are heterogenous in terms of neuronal structure and function, it is highly unlikely that all the neurons in a particular brain region associated with metabolic control actually contribute to T2D pathology. A good example here is the VMH, which will be discussed in more detail later. The VMH and adjacent regions of the ventromedial hypothalamus contain glucosensing neurons that are strongly implicated in metabolic regulation. Some VMH neurons also express insulin, ghrelin, and leptin receptors. Yet the specific output pathways used by the metabosensitive neurons in this region to control glucose metabolism etc remain difficult to define unequivocally [17•].
Brain Connectivity
Methodologies A glance at any animal and human brain atlas shows that the definitions and names of virtually all brain cell groups are based on the relative location and spatial organization of somewhat similarly structured neurons. This is cytoarchitectonics: the process of describing brain structure from the organization of its constituent cells. But cytoarchitecture alone provides no indication of brain function, which requires a full understanding of brain connectivity or 'wiring'. The studies that first made the critical link between brain connectivity and brain function were published by the great Spanish neuroanatomist, Santiago Ramon y Cajal; work that won him a Nobel prize, shared with Camillo Golgi, in 1906. Cajal's use and interpretation of the Golgi technique in the late 19thC and early 20thC led him to 2 conclusions that together formed what were probably the most important paradigm shifts in the history of neuroscience: neurons were independent cellular entities that worked together in networks; and that the structure of neurons imparted a directionality or polarity to information flow in the nervous system. In turn, these ideas began efforts to delineate neural network structure with ever-increasing resolution.
The ability to trace neural connections in ways that enable the construction of detailed wiring diagrams-brainmapswas dramatically improved in the early 1970s with the ] for more detailed discussions of these neural networks. AP area postrema, A5 the A5 adrenergic cell group, A6 locus ceruleus, ARH/ RCH arcuate nucleus/retrochiasmatic area, C3 the dorsomedial medullary adrenergic cell group, CR caudal raphe nuclei, CSMG celiac-superior mesenteric ganglia, DMH dorsomedial nucleus of the hypothalamus, DMX dorsal motor nucleus of the vagus, DR dorsal raphe nucleus, IMLC intermediolateral column, LHA lateral hypothalamic area, NTS nucleus of the solitary tract (including the A2 and C2 catecholamine populations), PAG periaqueductal gray, PB parabrachial nucleus, PVH paraventricular nucleus of the hypothalamus, VLM ventrolateral medulla (including the A1, A1/C1, and C1 catecholamine populations), VMH ventromedial nucleus of the hypothalamus introduction of radio-labeled amino acids as neural tracing agents. About 10 years later more sensitive anterograde and retrograde tracers were developed, including Phaseolus vulgaris leucoagglutinin (PHAL), biotinylated dextran amine (BDA), fluorogold, cholera toxin subunit B (CtB), and others. Using these agents (Fig. 2a) has led to our current detailed understanding of brain wiring, and they still remain the tools of choice for many of today's neural projection tracing studies [eg, [19••] ].
Despite their utility, a major interpretational problem of these conventional tract-tracing methods is that they are functionally non-specific. They rely on the transport of trajectory markers that, for the most part, are taken up by neurons based on their physical proximity to the injection site rather than their function or chemical phenotype. For example, as far as we know these markers are taken up and transported by glutamatergic and GABAergic neurons with equal avidity. This means that the resulting wiring diagrams from these injections cannot account for the functional heterogeneity of a target region, which is considerable for many of the hypothalamic and hindbrain regions involved with metabolic control. We will expand this theme when we consider the problem of understanding the role of the VMH in T2D and related diseases. Elaborating brainmaps with some degree of functional specificity has been improved by the introduction of neurotropic viruses as tracing agents. When certain viruses infect neurons they are transported along axons either toward (retrogradely) or away from (anterogradely) the cell body. As they replicate in the infected neuron they are released locally from the neuronal cell body to infect their nearest neighbors, and the cycle is repeated (Fig. 2b) . These viruses have 2 important properties for exploring functional networks: the ability to restrict their injection sites to discrete peripheral organ targets (adrenal, pancreas, liver, fat pads, etc); and, because they only infect the terminals of immediately adjacent neurons, they reveal the overlying control network of the injected target organs.
Tracing pathways with viruses has provided a great deal of important information about the brain networks that control pancreatic, liver, adrenal gland, and adipose tissue function [35] [36] [37] [38] [39] [40] . They have identified the PVH, lateral hypothalamic (LHA), and retrochiasmatic areas (RCh) in the hypothalamus, along with a number of hindbrain regions-particularly those with monoamine neurons-as being key control regions for metabolic function (Fig. 1) . The fact that all of these regions contain labeled neurons after virus injections into multiple organs is consistent with the notion that there is a central 'core' control network that coordinates the brain's influence on peripheral organs [41] , rather than a 'one nucleus, one organ' arrangement. However, it is not yet clear to what extent individual neurons within a particular brain region provide divergent control over multiple organs (eg, adipose tissue and pancreas, etc). Based on labeling patterns after simultaneous injections into 2 organs, some neurons are in a position to do this [eg, [38, 42, 43] ], but the full extent of this overlap remains to be fully explored. Results are likely to provide important insights about how the central control networks function during T2D. 
Gene-Specific Methodologies for Identifying Functional Pathways in the Brain
The ability to manipulate neuronal function using cell-specific gene expression is an extremely powerful experimental tool. Numerous studies now use this technology to determine the effects of manipulating cell function at the gene level. This technology also offers the possibility of parsing out the connections of complex brain regions in a phenotypic or functionally defined manner, and is now starting to help efforts to determine the projectional organization of neurons involved with T2D-related processes. Two sets of studies are worth noting in this regard.
First, the restricted expression of particular genes makes it possible to trace the projections of specific populations of neurons through the controlled expression of tracing agents. In this way, tracing the projections of neurons that express the long-form of the leptin receptor has identified targets of leptin sensitive neurons. This has been achieved on a brain-wide basis [44] as well as for a single cell group, the DMH [25] . Similarly, the specific projections of VMH neurons have recently been described using a method that takes advantage of the restricted expression of Sf1 in VMH neurons [23•]. Sophisticated virus tracing methodologies also offer the prospect of revealing specific constituents within a larger neural network. This approach has been recently demonstrated by Card and his colleagues for the catecholamine neurons that form part of the neural control network for the kidney [45•] .
Although recent applications of virus tracing methods illustrate the power of these techniques to reveal the structural and functional organization of neural networks [46, 47] , specific tracing methods rely on the cell-specific expression of particular genes. Genes encoding receptor proteins or transcription factors are particularly well suited to this approach (eg, the leptin receptor, Sf1, etc). But physiological processes such as glucose or fatty acid sensing that involve multiple signaling constituents are proving particularly difficult to deal with in this way. This is because usually more than 1 gene product is required, and genes that are uniquely linked to these functions have yet to be identified. However, a recent report showing the location and physiology of neurons that express the glucokinase gene-an enzyme closely linked to neuronal glucosensing [14] -highlights the promise of these approaches for revealing glucosensing networks [48••] .
The second major breakthrough involves using the targeted insertion of optically sensitive ion channels into neurons in a way that enables their firing rates to be controlled externally using lasers and fiber-optics (optogenetics). An example of how this technique is impacting our understanding of the brain wiring of metabolic control networks comes from the work of Sternson and his colleagues [30•, 31••]. They have used optogenetics to show that projections of AgRP neurons in the ARH regulate feeding behavior by interacting with oxytocin neurons in the PVH rather than through their projections to the parabrachial nucleus.
While these novel tracing methodologies are beginning to reveal the structure of many control networks in the brain, some brain regions still have disparities where the connectional data cannot fully explain the results obtained from functional studies. This is illustrated in the next section, which discusses the point that we still cannot fully resolve the connections of the VMH in a way that satisfactorily explains how it is involved with metabolic control.
The Conundrum of the Ventromedial Nucleus of the Hypothalamus and Metabolic Control
Of all the cell groups in the hypothalamus involved with metabolic control, none has a more considered and controversial role than the VMH [49] -one that it shares with other cell groups in the immediately adjacent ventromedial hypothalamus. The idea of the VMH as a "satiety center" that limits food intake following a meal goes back to the early 1950s [50] . The VMH, together with the LHA, contributed to the "dual center" model for feeding behavior that was a foundation for early ideas of hypothalamic function [51] . However, organizational models based on single discrete "control centers" in the brain for feeding and other motivated behaviors have long been discredited. They have been replaced by the notion of distributed neural networks that encompass many brain regions to coordinate all the behavioral, autonomic, and endocrine motor components associated with a particular behavior, including metabolic control [16, 52, 53] .
A great deal of work continues to bolster the case for the VMH as a key component of the network that controls glycemia, food intake, and body weight. Two sets of results have been particularly important. The first has shown that neurons in parts of the VMH express leptin and insulin receptors, some of which appear to be important for controlling body weight and glucose homeostasis [54••, 55, 56] . The second is that some VMH neurons act as glucosensors that transduce changes in ambient glucose concentrations into altered neuronal firing rates. This property forms part of a larger metabosensory modality where fuel molecules (glucose, lactate, pyruvate, free fatty acids, etc) and hormones (insulin, leptin, ghrelin etc) act to change the signaling patterns of certain specialized neurons, which in turn alters brain function [13] [14] [15] . Glucosensing neurons in the VMH have been most c l o s e l y a s s o c i a t e d w i t h c o n t r o l l i n g e n d o c r i n e counterregulatory responses to insulin-induced hypoglycemia [57, 58] . This work, together with many other findings, means that there is now little controversy about the importance of the VMH in metabolic control.
Yet despite all of this work, the routes taken by the information processed by VMH neurons to the effectors of metabolic control still remain to be completely elaborated. Our rather sparse knowledge about how the VMH fits into the core neural systems that control feeding behavior, body weight regulation, sympathoadrenal (Fig. 1) and pancreatic function [17• ] is a stumbling block for elucidating where all the processes that contribute to T2D are in the brain. Trying to clarify the role of the VMH in metabolic control therefore, provides a good example of why we need detailed contextual brainmaps for these processes, and what the current impediments are to opening up these networks.
It is surprising that numerous and detailed neuroanatomical tracing studies have been unable to fully explain how VMH neurons directly access autonomic and neuroendocrine premotor networks [reviewed in [17•] ]. While local projections to the ARH may contribute to some aspects of feeding behavior and body weight regulation [23•, 59], projections from the VMH to the main pre-autonomic cell groups in the PVH, LHA, and hindbrain, although present, are rather sparse [22••, 23•]. In addition, tracing pathways from the brain to the adrenal gland, pancreas, or adipose tissues with neurotropic viruses has consistently failed to identify the VMH as a second-or even third-order contributor to these control networks. This means that a direct influence of the VMH on these control processes by way of the pathways illustrated in Fig. 1 , is not strongly supported. Furthermore, VMH projections to those parts of the brain associated with reward functions and ingestive behavior-cortical regions, nucleus accumbens, ventral tegmental area etc-are also few, which means that the VMH again likely uses more indirect routes to influence the core control networks for glycemia, food intake, and body weight. What these results tell us is that we should not expect the VMH to impact metabolic processes in the same direct way as does ARH or PVH, for example [31••] .
All of this is not to say that we do not know what the functions are of at least some of the projections into and out of the VMH. While it remains currently unclear how the VMH fits into neural network models of glycemia and body weight control, there are 2 other functions where the role of the VMH projections is in fact very well defined. First, parts of the VMH are heavily implicated in the control of the classic behavioral fight-or-flight responses evoked when animals are exposed to a predator [60••] Second, the VMH is a crucial part of the systems that regulate the behaviors responsible for conspecific interactions, be they aggressive or sexual [60••, 61•, 62••] . In both cases the brainmaps for understanding the role of the VMH in these behaviors are better developed than they are for metabolic functions. They involve projections to the VMH from the amygdala and associated basal forebrain regions such as the bed nucleus of the stria terminalis, and outgoing projections to other parts of the hypothalamus and the periaqueductal gray [60••, 61•, 62••] .
Conclusions
What all of these results emphasize is that if we are to understand how brain wiring contributes to the etiology of T2D and other metabolic diseases, we cannot afford to take what are essentially unidimensional views of the role of complex brain regions like the VMH, only looking at them in the context of body weight regulation or glycemic control. These parts of the brain have evolved to provide us with the ability to adapt and coordinate our behavior and metabolic status to a range of very complex environmental situations: the presence of predators, aggressive or sexually attractive conspecifics, the availability or lack thereof of food sources etc. Therefore, it seems reasonable to believe that these critically important processes are properties of how their control networks are organized. If we are to understand how these brain regions-and particularly the hypothalamus and hindbrain-become dysregulated in diseases such as T2D, we need to consider how they have evolved to coordinate the wide range of responses associated with motivated behaviors and how they are wired to achieve these functions. tivity analysis supports network over hierarchical model of brain architecture. Proc Natl Acad Sci U S A. 2010;107:15235-9. Perhaps the best study to illustrate the power of conventional tract-tracing methodologies for elaborating the connectional organization of a key control network for ingestive behaviors. The results show the inherent complexity of this network, but also the high resolution information that results from the imaginative use of these techniques. 
